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ABSTRACT 
Effects of Water Stress Preconditioning on Plant Water 
Relations and Transplant Survival of 
Artemisia cana and Agropyron intermedium 
by 
Jerriann Ernstsen, Master of Science 
Utah State University, 1993 
Major Professor: Dr. Larry A. Rupp 
Department: Plant, Soils, and Biometeorology 
Typically, dormant seedlings are transplanted when 
revegetating nonirrigated disturbed lands in order to 
prevent transplant shock triggered by water stress. 
Since dormant seedlings have to be used, this limits the 
duration of the transplant season. It may be possible to 
increase this limited season by inducing acclimation 
responses that would increase drought tolerance. 
Preconditioning actively growing seedlings to water 
stress prior to transplanting could induce acclimation 
responses such as solute accumulation and/or stomatal 
modulation. 
Under greenhouse conditions, A. cana and A. 
intermedium seedlings were subjected to three water 
stress preconditioning treatments: a well watered 
xi 
control, one dry-down cycle, and three dry-down cycles. 
After conditioning, seedlings were either allowed to dry­
down in their containers until leaf senescence, or were 
transplanted to disturbed land sites. Plant water 
potential components, relative water content, and leaf 
mortality were measured. 
Immediately following treatments, water relations 
parameters of preconditioned seedlings were not markedly 
different from controls in either species. At the end of 
the final dry-down, water stress preconditioning had not 
induced active or passive solute accumulation, prolonged 
leaf survival when exposed to lethal drought conditions, 
or resulted in differences in transplant survival rates 
under the experimental conditions of this study. 
(82pages) 
INTRODUCTION 
Due to public demand for a more aesthetically 
pleasing and healthier environment, revegetation projects 
for disturbed lands have increased. To revegetate an 
area, land 
seedlings. 
managers broadcast seed or transplant 
One limitation of seedlings is that only 
dormant seedlings can be transplanted on nonirrigated 
sites. This practice allows seedlings to avoid 
transplant shock triggered by water deficits, yet limits 
land managers in the intermountain West to transplanting 
solely in spring and fall seasons. Since seedlings are 
transplanted within these time frames, they have time to 
become established before imminent summer drought 
conditions develop. Therefore, transplant mortality, due 
to lethal plant water stress, is decreased. 
Occasionally land managers are unable to transplant 
seedlings within this optimum time frame because of 
environmental or economic factors. To extend the season 
when seedlings can be transplanted would require the 
ability to transplant actively growing seedlings. This 
would necessitate that plants be selected for drought 
tolerance. 
Plants have many morphological and physiological 
adaptations for tolerating drought conditions. Examples 
of these adaptations include leaf surface pubescence or 
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salt excretions, production of deeply set or highly 
branched roots, solar tracking, stomata! control, changes 
in cell wall elasticities, and active or passive solute 
accumulation. Some of these adaptations are expressed as 
plants acclimate to water stress. Seiler (1985, p. 219) 
stated that "prior exposure to water stress often 
rnodif ies these factors responsible for drought tolerance, 
ultimately resulting in improved drought tolerance or 
acclimation to water stress." 
To increase transplanting durations and insure 
seedling survival, land managers may want to precondition 
actively growing seedlings to water stress prior to 
transplanting. However, seedlings that are selected 
would have to be genetically capable of acclimating to 
water stress both morphologically and physiologically. 
The objectives of this study were to determine if 
water stress preconditioning of Artemisia cana and 
Agropyron intermedium: 
1. Induces physiological acclimation responses, 
specifically active or passive solute accumulation 
and/or stomata! adjustment 
2. Prolongs leaf survival when exposed to lethal 
drought conditions 
3. Increases actively growing seedling survival once 
transplanted onto disturbed land sites. 
If preconditioning induces acclimation responses that 
increase actively growing seedling survival, then 
transplanting seasons could be extended. 
3 
It is believed 
that preconditioning may induce acclimation responses 
that increase actively growing seedling survival. If 
this hypothesis is true, then the spring transplanting 
season could be extended into later parts of the spring 
or early summer. 
It is important to note that although A. intermedium 
is usually planted as seed for reclamation projects, 
seedlings are 
Specifically, 
required for very specific conditions. 
grass seedlings are used for rapid soil 
stabilization on small localized areas exposed to high 
winds. Normal revegetation seeding techniques in these 
areas typically fail due to seed displacement by strong 
winds. In addition, these problem areas are not 
revegetated with slower growing shrubs since rapid soil 
stabilization is usually critical. 
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LITERATURE REVIEW 
Revegetation Of Disturbed Sites 
Public demand and increasingly strict environmental 
laws are requiring land managers to revegetate disturbed 
sites such as inactive mine dumps, refuse sites, dam 
berms , roadsides , abandoned surface mines, and drained 
lake bottoms. The pr i mary goals of these land managers 
are as follows: 
1. stabilize the land so further wind and water 
erosion will be decreased 
2. Prevent dust and possible hazardous mineral 
compounds from polluting nearby communities and 
water ways 
3. Ameliorate the disturbed site, making it more 
aesthetically pleasing 
4. Prepare the land for its future intended use. 
(Bradshaw, 1987) 
Although revegetation of disturbed sites may appear 
to be a set of simple procedures, optimizing factors such 
as soil amendments, species selection, seeding and 
transplanting days, and water availability may complicate 
the task and affect the success of the project. 
Normally, sites to be revegetated have been so perturbed 
that soil amelioration is necessary. These soils are 
5 
commonly unclassified, low in organic matter, nutrient 
deficient, and have an extremely low or high pH. 
Chambers, Brown, and Johnston (1987, p. 508) stated that 
soil disturbed by heavy metal mining often "requires 
large applications of fertilizer to improve spoil 
nutrient status and of lime to neutralize the acid." For 
example, Wallace (1989) found that application of lime 
and phosphate on acidic soils resulted in an 85% 
increased yield of Zea mays, compared to sites with only 
lime added; sites with only phosphate applied showed a 
64% increase in yield. 
Plant adaptability must be another consideration for 
managers of revegetation projects. Specifically in the 
West, plants must be adapted to drought conditions. 
Although native plants may at first appear to be the 
logical choice, they may not be commercially available or 
the best choice for the project. Brown and Johnston 
(1979) inferred that once land is considered derelict it 
no longer resembles predisturbed conditions and that 
native species may not be able to adapt to the new 
environment. Alternatively, they suggested observation 
of previously disturbed sites that have naturally 
reestablished to decide which species may be best adapted 
for the new environment. 
Timing of seeding and transplanting is also a 
critical factor when revegetating disturbed sites. In 
Utah, seeding and transplanting occur during the fall and 
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spring months. Brown and Johnston (1979) suggested that 
late fall is the only time seeding and transplanting 
should occur in alpine areas. The bases for this 
recommendation were as follows: 
1. Provide equipment accessibility before snows of 
early winter 
2. Prevent seeds from germinating in early fall 
3. Insure seed germination and initiate growth before 
impending summer droughts. 
Even though water is the most abundant substance on 
earth, about 1/3 of the earth's land suffers from drought 
conditions, which causes the greatest detriment to plant 
development (Turner & Kramer, 1980) . Because most 
revegetation projects do not include irrigation systems, 
water deficits limit seed germination, plant 
establishment, growth, reproduction, and survival. 
Causes of Water Stress 
Plant water stress develops whenever the rate of 
water loss exceeds the rate of water uptake over a 
certain duration and of a specific intensity. For 
example, transpiration rates may exceed water absorption 
on hot sunny days even if soil water content is at field 
capacity. In the morning when plants begin to transpire, 
water is first supplied from water stored in tissues that 
offer the least resistance to water flow, such as, 
leaves, stems, and sapwood (in woody plants). 
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:onsequently, a lag time develops between the rates of 
Loot water absorption and water loss through 
~ranspiration. Water stress may further be increased 
·11hen xylem conduits cavi tate, causing decreased hydraulic 
:onductivity (Kozlowski, Kramer, & Pallardy, 1991). At 
1ight stomates close and cavitated conduits and water 
3toring tissues are refilled as roots continue to absorb 
._rater. 
Water loss also exceeds absorption when roots have 
Jeen damaged as a result of transplanting. Nonlethal 
;onsequences of damaged roots are leaf and/or stem wilt. 
)epending on the species, severity of injury, and plant 
3ize, recovery may require several days to months. 
)uring the recovery period, water loss through 
~ranspiration may continue even though the damaged roots 
1re unable to supply the necessary replacement water. 
Consequences of Plant Water Stress 
"The nature and extent of the effects of water 
3tress on plants are a function of the intensity and 
1uration of the stress, as well as of the genetically-
ietermined capacity of species to cope with the 
=nvironment" (Chaves, 1991, p. 1). Plants that have been 
=Xposed to water stress may experience decreased stomatal 
:onductance (g,), nutrient uptake, transpiration, and 
;,hotosynthesis. For example, Bates and Hall (1981) 
showed changes in leaf water relations and gs of Vigna 
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unguiculata as soil water availability was decreased. 
They found that g, of stressed plants was significantly 
lower than nonstressed plants. Conversely, leaf water 
potential (~) of the stressed plants remained equal to 
the nonstressed plants. They suggested that stomatal 
modulation was controlled by information transmitted from 
root to shoot as a result of changes in root~ rather 
than changes in leaf~-
In contrast, Kramer (1988, p. 566) stated that it is 
unlikely that roots are the "primary sensors of water 
stress or that biochemical signals from the roots are as 
important as the direct hydraulic effects of shoot water 
stress." 
on sunny 
capacity. 
Kramer justified this based on stomate closure 
days even though the soil was near field 
He argued that considerably less time would be 
necessary for stomates to respond to diurnal water stress 
than would be needed to synthesize and transport 
biochemical signals. 
Water stress can also affect plant mineral 
acquisition by either reducing active root ion uptake or 
by decreased transpiration rates. Tanguilig et al. 
(1987, p. 161) showed the effects of water stress on 
nutrient absorption in rice, maize, and soybean. Their 
results showed that reduced nitrogen uptake occurred in 
rice but not in maize or soybean. They suggested that 
"physiological impairments of active nutrient absorption 
and transport mechanism of the roots" caused reduced 
absorption in rice, whereas, water and 
9 
nutrient 
absorption continued in maize and soybean because of 
higher turgor resulting from comparatively lower 
transpiration rates and possibly osmotic adjustment. 
However, Munns (1988, p. 721) proposed that nutrient 
absorption would not be continued under water stress 
conditions as a result of osmotic adjustment. Rather, 
"increases in solute concentration ... are due to decreases 
in the rate of cell expansion, not the rate of solute 
uptake." 
Depending on the species, water stress may reduce 
CO2 assimilation rates but not mesophyll photosynthetic 
capacity. Chaves (1991) explained that under moderate 
water stress, stomatal closure would result in decreased 
diffusion rates, and hence reduced CO2 assimilation 
rates. Yet, photosynthetic capacity of mesophyll cells 
may be decreased only after water stress is severe and 
long enough to additionally impose heat and/or light 
stress. Specifically, he reported that leaves dehydrated 
to 70% relative water content resulted in 
assimilation rates decreasing to near zero without a 
reduction in photosynthetic capacity. Chaves suggested 
that nonstomatal inhibition of photosynthesis may be a 
result of photosynthetic enzymes inhibited by increased 
solute concentration as a result of reduced cell volume. 
He concluded that even though assimilation rates may 
decline with moderate water stress, photosynthetic 
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apparatus is very resistant and could contribute to plant 
survival and fast recovery from water stress. 
Drought Escapers. Avoiders, and Tolerators 
Plant species distribution, growth, and survival are 
dependent on the availability of water and how plants 
respond and adapt to water stress (Bradford & Hsiao, 
1982; Brown, 1992; Kramer, 1983). Many plant species 
have adaptations that are heritable modifications in 
morphology and physiology that increase their probability 
of surviving water stress. Particular adaptations are 
not expressed until the plants have been subjected to 
water stress. The process of development of an 
adaptation is considered an acclimation response. 
In the past, plants adapted to limited water supply 
have been discretely categorized: 
1. Drought escapers - plants whose entire life cycles 
are completed before the onset of dry conditions 
2. Drought avoiders plants that postpone 
3. 
dehydration 
Drought tolerators plants that are able to 
endure varying degrees of dehydration without 
metabolic consequences (Turner, 198 6; MacMahon & 
Schimpf, 1981). 
Although the above list separates plants into 
discrete categories, in reality plants exhibit a broad 
range and combination of responses to water deficit. It 
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is important to note that most plants have many 
adaptations and acclimation responses to avoid drought 
that would place them in one, two, or three of the above 
categories. These adaptations and acclimation responses 
normally work together, not discretely as is seen in the 
literature. But, for the ease of discussion, examples of 
these categories will be given separately. 
Adaptations of drought escapers permit these plants 
to acquire maximum amounts of available water. For 
example, desert ephemerals germinate and complete their 
entire life cycle within a particular rain season. 
Another characteristic that allows escapers (as well as 
avoiders and tolerators) to avoid water stress is deep 
roots. Fitter and Hay (1987) demonstrated the 
differences in root lengths of Agropyron smithii grown in 
the U. s. A. and in the wetter Saskatchewan prairies. They 
found that A. smithii in the U.S.A. had more deeply set 
roots than in the prairies. They determined that 
shallower rooted grasses profited from predictable 
precipitation events in the prairies, while deeply 
rooted A. smi thii extracted ground water and escaped 
surface soil drought conditions. 
Drought avoiders have adaptations and acclimation 
responses that allow them to conserve water. For 
instance, plants may conserve water by: 
1. Decreased leaf area 
2. Decreased radiation absorption 
12 
3. Increased stomatal resistance. 
Hinckley et al. ( 1980) showed that partial leaf 
defoliation reduced leaf area and conserved water in 
Crateagus monogyna. Leaf area may also be decreased by 
the production of smaller leaves. For example, Artemisia 
tridentata produce larger leaves in spring, then in the 
dry summer months these leaves are replaced by smaller 
leaves. Forseth and Ehleringer (1980) calculated from 
energy balance equations that Lupinus arizonicus cupped 
their leaves to decrease radiation absorption and 
conserve water. Typically, stomatal resistance is 
increased with stomatal closure, recessed stomata, 
addition of surface hairs, and/or deposition of cuticular 
waxes. All of these adaptations and acclimation 
responses help drought avoiders to conserve water. 
Drought tolerators have adapted to endure severe 
desiccation without injury or death to cells. Elastic 
and osmotic adjustment are two metabolic mechanisms that 
permit tolerators to acclimate to water stress through 
maintenance of turgor potential (p) as~ declines. 1 It 
is important to note that these acclimation responses may 
or may not be considered mutually exclusive. 
1Canponents of water potential are represented by the 
equation~= rr + p. By convention, leaf~ and rr are 
a5signed negative values and p positive values. Hence, a 
d~crease in potential will indicate~ and rr values are 
b~coming more negative, or pis approaching zero. 
C)nversely, an increase in potential will indicate f and rr 
a~e becoming less negative, or pis becoming more positive. 
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Elastic adjustment includes increases in cell wall 
elasticity possibly from reversible metabolic changes in 
cell wall composition (Meinzer et al., 1988). Cell wall 
elasticity is inversely proportional to the modulus of 
elasticity, a quantified value estimated from the slope 
of the curvilinear portion of pressure-volume curves. 
Therefore, increases in cell wall flexibility will result 
in decreases in the tissue modulus of elasticity. 
One result of elastic adjustment is decreased 
osmotic potential(") at turgor loss point, although upon 
rewatering, "is approximately equal to or higher than 
the predrought value. Meinzer et al. {1988, p. 484) 
reported that changes in cell wall properties, and not 
osmotic adjustment, provided turgor maintenance in Larrea 
tridentata during exposure to water stress. They found 
that" decreased 1.6 MPa at the turgor loss point, yet at 
full turgor, " decreased insignificantly from the 
original value before drought treatments were applied. 
They hypothesized that for L. tridentata solute synthesis 
and transport may be more 
metabolically reversible 
"energetically costly than 
changes in cell wall 
characteristics." Another result of elastic adjustment 
would be increased water-holding capacity for rehydrated 
cells that maintained a lower modulus of elasticity 
(Evans et al., 1992). 
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Turgor Maintenance by Osmotic Adjustment 
Osmotic adjustment is the "lowering of osmotic 
potential arising from the net accumulation of solutes in 
r esponse to water deficits or salinity" (Turner & Jones, 
1980, p. 89). Osmotic adjustment is an active process 
and should be distinguished from concentration of solutes 
::iuring dehydration. Active accumulation of solutes 
r equires metabolic energy either for production of sugars 
and organic acids and/or active transport of ions across 
cell membranes. The sole purpose of osmotic adjustment 
is to maintain turgor. Turgor maintenance through 
osmotic adjustment should also not be confused with 
turgor maintenance through passive solute accumulation 
(more detailed discussion below). Sometimes water 
relations are compared in a Hoffler diagram to determine 
if osmotic adjustment has occurred. If osmotic 
adjustment occurs, then zero turgor loss will be reached 
at lower f, n, and RWC. In addition, at 100% RWC, p will 
be higher, n lower, and f will approach zero or the value 
prior to solute accumulation. 
Auge, Stodola, and Pennell (1990) compared water 
stressed to nonstressed Rosa hybrida and found that, 
between full turgor to the turgor loss point, p was 
maintained 0.1 to 0.5 MPa higher in stressed plants than 
in the nonstressed plants. Concurrently, n decreased 
15 
between full turgor and the turgor loss point in the 
stressed plants. Another parameter they measured was the 
bulk modulus of elasticity and found that it increased 
following exposure to water stress. Due to the pattern 
of changes of the f components and the increase in bulk 
modulus of elasticity, they concluded that drought 
resistance was attributed solely to osmotic adjustment 
and not elastic adjustment. 
Benefits of Osmotic Adjustment 
Benefits of osmotic adjustment are extended cell 
survival through maintenance of turgor and possibly the 
continuance of turgor mediated processes such as g 1 , 
photosynthesis, and cell elongation. Munns ( 1988) stated 
that the importance of osmotic adjustment may be solely 
for cell survival through the maintenance of cell volume 
at some critical value. He concluded that maintenance of 
cell volume along with conservation of certain cell 
solutes may contribute to a more expeditious recovery 
following water stress. 
Tschaplinski and Blake (1989, p. 1686) exposed 
Populus hybrida to moderate and severe water stress, then 
compared g1 during a subsequent drought condition. 
Results showed that g, of severely stressed plants had 
increased 11 fold after recovery compared to moderately 
stressed plants. This increase was attributed to osmotic 
adjustment and increased cell wall elasticity of the 
16 
severely water-stressed plants. They proposed that 
plants preexposed to drought conditions, prior to 
transplanting, could increase transplant survival if they 
were "drought sensitive species capable of osmotic 
adjustment." However, Hinckley et al. {1980, p. 139) 
stated that "osmotic adjustment is not a typical drought 
avoidance mechanism in woody shrub species. In addition, 
drought history does not appear to play a large role in 
osmotic adjustment." Yet, in the report they agreed that 
most woody plants tolerate drought conditions by having 
elastic cell walls. 
Osmotic adjustment may also provide increased 
driving force for water uptake that may allow continued 
cell turgor and elongation. Al though maintenance of 
turgor is not the only factor to guarantee growth, it is 
a necessary condition for growth. Sharp, Hsiao, and Silk 
{1990) studied the effects of drought on maize primary 
root growth at the root apex. They determined that 
osmotic adjustment was responsible for continued positive 
p, and hence primary root elongation at low~- Contrary 
to their findings, Munns (1988) questioned how osmotic 
adjustment and root elongation could occur concurrently 
since both require solutes from the same sources. That 
is, if cells osmotically adjust it should be at the cost 
of cell growth. 
In response to this division of cost, Sharp et al. 
(1990, p. 1344) explained that most studies have not 
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considered "spatial and dimensional aspects of growth 
responses to low water potential." To determine whether 
osmotic adjustment was essential for primary root 
elongation, Sharp et al. ( 1990) distinguished between 
root elongation and radial expansion along the root 
length. Subsequently, they concluded that osmotic 
adjustment was essential for maintenance of positive p 
and longitudinal expansion of the root apex. This was 
separate from increased passive solute concentration 
along the entire root length as a result of decreased 
root volume expansion and solute utilization. Sharp et 
al. (1990, p. 1345) continued to argue that if osmotic 
adjustment was only the result of decreased cell volume, 
osmotic adjustment might be expected to "occur when 
growth is inhibited under conditions other than decreased 
water availability." 
Osmotic adjustment in leaves may also contribute to 
the maintenance of photosynthesis. Santakumari and 
Berkowitz (1990) studied the correlation between osmotic 
adjustment and maintenance of photosynthesis in three 
grass species. They determined that photosynthesis was 
significantly higher in grasses that had decreased rr at 
full turgor with slight changes in protoplast volume, 
than grasses that had not. They suggested that decreased 
photosynthesis may be delayed by maintenance of 
protoplast volume, resulting from cellular osmotic 
adjustment. 
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Limitations of Osmotic Adjustment 
Even though osmotic adjustment is beneficial, it is 
typically finite, transient, physiologically expensive, 
and localized. Hence it is unable to contribute to the 
maintenance of physiological processes located in 
neighboring tissues. It is generally accepted that 
osmotic adjustment rarely exceeds more than 1.0 MPa and 
usually disappears within a few days after water stress 
has been relieved (Turner & Jones, 1980; Kozlowski et 
al., 1991). Wilson et al. (1980) showed that buffel 
grass (Cenchrus ciliaris) exposed to drought for sixteen 
days osmotically adjusted only o. 43 MPa. Moreover, 
adjustment was substantially decreased within ten days 
after rewatering. They concluded that osmotic adjustment 
was so finite that it would only be able to contribute to 
leaf survival and not to the preservation of 
physiological processes. Furthermore, the duration of 
osmotic adjustment was so brief that even its 
contribution to survival was very limited. 
Another limiting factor of osmotic adjustment is the 
expense of solute synthesis and/ or transport. For 
example, Evans et al. (In Press) calculated that in order 
for Artemisia tridentata to osmotically adjust, "it would 
require over 60 days to assimilate the necessary CO2 
required for carbohydrate synthesis." They argued that 
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even though carbohydrates are not the exclusive solutes 
accumulated, the cost estimation of osmotic adjustment in 
A. tridentata exemplified the expense for these plants to 
osmotically adjust. 
Schultz and Matthews (1988, p. 719) investigated 
whether osmotically adjusted roots facilitated 
physiological processes in Vi tis vinifera. At high water 
status they found that differences in 1/t "between soil and 
roots and between soil and shoot apex were approximately 
O. 2 and O. 4 MPa, respectively." During water stress, 
differences between soil and roots remained relatively 
constant, yet differences increased to 0.95 MPa between 
soil and shoots. They stated that the difference between 
soil and roots did not change because the roots had 
osmotically adjusted, hence water absorption continued. 
Conversely, differences increased between roots and 
shoots as a result of vessel cavitation that decreased 
hydraulic conductivity. Their results suggested that 
even though osmotic adjustment resulted in maintenance of 
water absorption, it was insufficient to contribute to 
water demands of neighboring tissues. 
As 
drought 
Water Stress Preconditioning 
previously mentioned, plants preexposed to 
conditions may induce several discrete and 
coupled acclimation responses that may support plant 
survival and/or growth during imminent drought 
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conditions. Regardless of which mechanisms plants use to 
defer or tolerate water stress, research suggests that 
water stress preconditioning induces acclimation 
responses (Tschaplinski & Blake, 1989; Seiler & Johnson, 
1988). Commonly, commercial plant growers induce 
moderate water stress, prior to transplanting, by 
subjecting plants to full sun or decreased irrigation 
rates. 
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MATERIALS AND METHODS 
Greenhouse and Field studies 
There were two separate experiments conducted --
experiment 1 (Ex. 1) and experiment 2 (Ex. 2). Standard 
greenhouse conditions and preconditioning treatments were 
identical for both experiments except where noted. The 
two experiments differed after preconditioning treatments 
had been administered. Following preconditioning, all 
Ex. 1 plants were exposed to severe drought, in pots, 
under greenhouse conditions. For Ex. 2, all seedlings 
were transplanted to severely disturbed field sites. 
Experiment 1 began on February 11, 1991 for both A. cana 
and A. intermedium and ended on March 18, 1991 for A. 
intermedium and on April 7, 1991 for A. cana. Experiment 
2 began on March 29, 1991 for A. cana and on April 10, 
1991 for A. intermedium; both ended on June 7, 1991. 
Plant Culture 
Species used for Ex. 
(Artemisia cana), snowbrush 
1 were silver sagebrush 
(Ceanothus velutinus), and 
intermediate wheatgrass (Agropyron intermedium). For Ex. 
2, only A. cana and A. intermedium were used. Two-year-
old commercially grown tublings (163 cm3 root volume) of 
C. velutinus and A. cana were obtained. As C. velutinus 
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matured, it became obvious that two different species of 
Ceanothus had been delivered. After separation of the 
two species, there were an inadequate number of plants; 
therefore, Ceanothus was omitted. Agropyron intermedium 
seeds were sown into trays containing #20 washed silica 
sand then placed under an intermittent misting bench 
until transplanted. Both A. intermedium and A. cana were 
transplanted when the majority of A. intermedium 
seedlings had two to three leaves present. Plants were 
transplanted into 15.2 cm X 30.0 cm plastic containers 
(cement test molds) with four 5 mm drainage holes. The 
planting medium used was 1: 1: 1 peat moss , #20 washed 
silica sand, and Kidman sandy loam soil (21.5% sand, 
8.18% silt, and 3.33% clay). The plants were grown a 
minimum of nine weeks before preconditioning treatments 
began. 
Before preconditioning treatments began, all Ex. 1 
plants were irrigated with deionized water containing a 
mixture of Peters 2 0: 2 0: 2 o: and Sequestrene 13 8 Fe EDDHA, 
for a final proportion of N(l0O):P(44):K(83) :Fe(l) ppm. 
Ten days prior to the beginning of preconditioning 
treatments, Ex. 1 plants indicated signs of nutrient 
deficiencies. To avoid stress induced by mineral 
deficiency the nutrient solution was changed to a mixture 
of Miracle-Gro 20: 20: 20, Peters STEM (micro-nutrient 
mix), MgSO4 , and Cu(NO3 ) 2 for a final proportion of 
N(249) :P(76) :K(145) :Ca(106) :S(86) :Mg(63) :B(0.27): 
cu{0.66) :Fe{l.44) :Mn{l) :Mo{0.007) :Zn{0.76) ppm. 
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This 
nutrient solution was then used until the initiation of 
preconditioning treatments in both experiments. During 
dry-down periods, control plants were irrigated with 
deionized water. During recovery periods, all plants 
vere irrigated with the nutrient solution described 
above. 
High pressure sodium lamps were used to insure 16 h 
of light with a minimum photon flux density of 140 µmol 
n-2s-1 at pot tops. Greenhouse temperatures were maintained 
at 2 1 °c + / - 4 °c at a 11 times . 
Preconditioning treatments, of both experiments, 
vere completed in two different greenhouse bays. Thrips 
occurred on A. cana in both studies, although only Ex. 2 
plants were sprayed for control, using Isotox {O, s-
dimethylacetylphosphoramidothioate). Aphids occurred on 
Ex. 2 A. intermedium and were controlled with Isotox. 
Treatments 
For Ex. 1 and Ex. 2 there were six and seven plants 
of each species, respectively, for each of the three 
assigned treatments which were designated as follows: 
1. TRl - control plants experienced no water stress 
during preconditioning 
2. TR2 plants experienced one period of water 
stress 
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3. TR3 - plants experienced three periods of water 
stress. 
Preconditioning treatments were administered in three 
cycles that included dry-down and recovery periods. 
Cycles 
cycle 1. Water was withheld from TR3 plants until 
stomata! closure and/or leaf or stem wilt. While TR3 
plants dried down, TRl and TR2 plants were irrigated. 
After TR3 plants showed signs of water stress, a recovery 
period was begun with standard irrigation methods until 
stomates opened and leaves were no longer wilted. 
Cycle 2. Immediately following cycle 1, TR3 plants 
were again exposed to the same dry-down and recovery 
procedures. 
Cycle 3. Following cycle 2, both TR3 and TR2 plants 
followed the same dry-down and recovery periods. At the 
end of cycle 3, water stress preconditioning was 
completed. 
Cycle 4. Following cycles 1, 2, and 3, all Ex. 1 
plants were exposed to drought by withholding water until 
leaves were necrotic. For Ex. 2, all plants were 
transplanted to disturbed land sites without irrigation. 
Plant Measurements 
At the onset and end of the dry-down periods leaf 
water potential (1/t), osmotic potential (rr), stomatal 
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conductance (g,), and leaf relative water content (RWC) 
were measured. Turgor potentials (p) were calculated 
from differences between f and rr (data not included). 
Daily inspections for leaf and/or stem wilt were also 
documented (observations not included). Additionally, 
stomatal conductance was measured periodically throughout 
preconditioning cycles to assess plant water stress. The 
duration of dry-down and recovery periods was 
approximated from a preliminary study, as well as visual 
signs of leaf and/or stem wilt combined with g, values. 
After preconditioning cycles all measurements were 
continued throughout cycle 4 . For Ex. 1, f, rr, and g, 
measurements were continued until leaf f exceeded the 
psychrometers sensitivity range of -8.49 MPa and/or were 
too brittle to handle. After these measurements were 
terminated, leaf observations were continued until leaves 
of all plants were apparently necrotic. For Ex. 2, f, rr, 
and g, measurements were continued for a minimum of four 
weeks following transplanting. 
Water and osmotic potentials were measured using 
screen-cage Peltier thermocouple psychrometers as 
described by Brown and Van Haveren (1972). The youngest 
fully expanded leaf was excised from plants starting at 
0730 h, placed into psychrometer chambers, immediately 
plugged with Teflon plugs, and encased in styrofoam 
insulating material. In the lab, plugs were removed, 
replaced with psychrometers, then placed in a waterbath 
26 
maintained at 2s0c until atmospheric vapor pressure and 
sample~ reached equilibrium (approximately 3 h). After 
~ had been obtained, samples ( in psychrometers) were 
frozen in liquid nitrogen for 2 min, thawed at room 
temperature for 20 min, then placed back into the 
water bath for another 3 h equilibration period for rr 
determination. 
On all psychrometric sampling dates, RWC were 
measured using the floating leaf technique (Brown, 
personal communication) . The second youngest fully 
expanded leaf was removed either from the same stern or 
tiller as the leaf excised for ~ and rr measurements. 
Leaves were immediately placed into small, preweighed, 
glass vials and tightly capped. To obtain fresh weights 
(FW) vials with leaves were weighed, then vial weight was 
subtracted from total weight. Leaves were then floated 
on distilled water in the dark at room temperature until 
fully turgid (TW). Time required for hydration of each 
species had been predetermined by taking 1/2 h 
measurements and selecting times that gave less than O. 3% 
change over three sets of measurements. Hydration time 
for A. cana was 5 hand 5.5 h for A. intermedium. When 
leaves were fully turgid, they were quickly blotted with 
tissue, to remove surface water, then weighed. For dry 
weights (DW), leaves were placed into a drying oven at 
ao0c for a h. Relative water contents were calculated 
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from these variables. 2 
Stomata! conductances were measured on remaining 
fully expanded leaves using a Licor 1600 steady-state 
\ 
I 
diffusion porometer with a narrowleaf aperture cap (1 
cm2 ) • Units of conductance ins/cm (and cm/s depending 
on machine) were converted to mmol m-2 s -1 using the 
equations given in the Licor Operation Manual. 3 For Ex. 
1, the same porometer was used throughout the study. But 
due to mechanical failure of this porometer, a second 
porometer was used for Ex. 2 shortly after the beginning 
of this study. Porometer replacement dates, for Ex. 2, 
were on day 7 for the A . intermedium and day 20 for A. 
cana. 
Measurements of g 1 were not always taken on the same 
date as water relations measurements, but were measured 
between 1100 and 1600 hon sampling dates. The porometer 
sensor head was allowed to equilibrate with ambient air 
temperature and relative humidity for 30 min. The 
relative humidity set point was taken as the ambient 
relative humidity for any given day. Adaxial sides of A. 
intermedium leaves were placed over the cuvette aperture, 
clamped, and measurements were taken when dry air from 
2Relative water contents were derived from the equation: 
RWC= l00(FW-DW/TW-DW). 
3Conversion equation: g 1 (mmol m·2 s ·1 ) = 1/(s/cm) * P/(RT) 
wheres/cm= stomata! resistance, P = 86.8 kPa (for Logan, 
Utah), R = 0.008314 kPa m3 /mole K, and T = leaf 
temperature in Kelvin. 
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the porometer equilibrated with leaf water vapor (less 
than 1 min). 4 Artemisia cana leaves were too small for 
the narrowleaf aperture cap; therefore, stem tips with 
many leaves were placed over the cuvette opening, 
resulting in an average conductance for that stem tip. 
Field sites 
Following preconditioning of Ex. 2, all plants were 
transplanted on disturbed sites. Agropyron intermedium 
was transplanted on a gravely water tank backfill berm, 
while A. cana was transplanted on a cut slope of an 
abandoned gravel pit. Both sites provided rapid drainage 
and full sun exposure . Also, there was very little 
preexisting vegetation at either site. 
All plants were transplanted on 1 m centers with 
perimeter plants considered as border plants . Within 
each row the plants were randomly arranged according to 
preconditioning treatment received. The two sites were 
each 2. 58 m x 4. 8 m. The same plants were measured 
throughout cycle 4 that had been measured during cycles 
1-3. 
Analysis 
Water and osmotic potentials, RWC, and g1 were 
separately compared to show trends between treatments but 
4It had been predetermined that adaxial sides of A. 
intermedium gave higher gs than abaxial sides. 
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within a species, using+/- standard errors of the mean. 
These comparisons were made at the beginning and end of 
dry-downs and throughout cycle 4 for both experiments. 
Additionally, ANOVAs were performed for the following 
comparisons: 
1. Water potential, rr, and RWC for Ex. 1, at the end of 
cycles 1-3 (i.e., end of recovery periods during 
preconditioning). Comparisons were between TRl 
and TR3, A. cana and A. intermedium, treatment by 
species, recovery periods, species by recovery 
periods, and treatment by species by recovery 
periods 
2. Same as above except for Ex. 2 
3. Water potential, rr, and RWC for Ex. 1, at the end of 
cycle 3. Comparisons were between TRl, TR2, and 
TR3; A. cana and A. intermedium; and treatment by 
species 
4. Same as above except for Ex. 2. 
Significant differences between means were then tested 
for the least significant difference at P~0.05, using 
Fisher's protected LSD test. Since g 1 measurements were 
not taken at the beginning of every cycle, the Fisher's 
LSD was not performed for g1 • 
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RESULTS 
There were significant differences in~, rr, and RWC 
between A. cana and A. intermedium in both experiments 
during cycles 1-3 (Tables 1-4). Water potential, rr, and 
RWC of A. cana were generally lower than those of A. 
intermedium regardless of treatment. There were also 
differences between recovery periods, but these 
differences were found in A. cana and not A. intermedium. 
Because of the large differences among these divergent 
taxa, further discussion of the results for each species 
will be reviewed separately. 
Cycles 1-4: Artemisia cana 
Significant differences in water relations 
parameters were found in treatments by species and in 
species by recovery periods (Tables 1 & 2). Separation 
of the means shows that ~ for treatment by species 
interactions were 37% higher for TRl than TR3 plants for 
Ex. 1 (Table 5; TR#*A.c). Although there was no 
significant treatment by species interaction in~ for Ex. 
2, examination of the means indicated that ~ of TRl 
plants were 33% higher than TR3 plants (Table 6. , 
TR#*A.c). There were significant differences in~ for 
species by recovery period interactions in both 
experiments. 
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Table 1. Fischer's protected LSD test for A. cana and A. 
intermedium of experiment 1 (P<0.05). Comparisons were 
made for individual water relations parameters at ends of 
recovery periods 1-3 for treatments 1 & 3. 
WATER POTENTIAL 
SOURCE DF MS F p 
TREATMENT 1 11.1 10.2 0.01 
SPECIES 1 54 .3 49.B 0.01 
TxS 1 5.3 4.9 0.05 
ERROR 20 1.1 
RECOVERY 2 1.8 1.9 
TxR 'J 0.8 0.8 ._ 
SxR 2 5.3 5.6 0.01 
TxSxR 2 1.5 1.5 
ERROR 40 1.0 
OSMOTIC POTENTIAL 
SOURCE DF MS F p 
TREATMENT 1 2.8 16.4 0.01 
SPECIES 1 5.7 33 .2 0.01 
TxS 1 1.8 10.6 0.01 
ERROR 20 0.2 
RECOVERY 2 0.5 2.1 
TxR 2 0.2 0.8 
SxR 2 1.2 5.1 0.05 
TxSxR 2 0.5 2.0 
ERROR 40 0.2 
RELATIVE WATER 
CONTENT 
SOURCE OF MS F p 
TREATMENT 1 111 .6 4.8 
SPECIES 1 2029 .9 87.2 0.01 
TxS 1 8.3 0.4 
ERROR 20 23.3 
RECOVERY 2 36.6 2.0 
TxR 2 48 .1 2.6 
SxR 2 17.6 1.0 
TxSxR 2 1.3 0.1 
ERROR 40 18.4 
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Table 2. Fischer's protected LSD test for A. cana and A.
intermedium of experiment 2 (P<0.05). Comparisons were 
made for individual water relations parameters at ends of 
recovery periods 1-3 for treatments 1 & 3. 
WATER POTENTu\L 
SJURCE DF MS F p 
TREATMENT 1 3.4 5.9 0.05 
SPECIES 1 28.6 47.2 0.01 
TxS 1 2.3 3.8 
ERROR 24 0.6 
RECOVERY 2 1.7 5.2 0.01 
TxR 2 0.3 0.9 
SxR 2 2.2 6.7 0.01 
TxSxR 2 0.2 0.5 
ERROR 48 0.3 
OSMOTIC POTENTIAL 
SJURCE DF MS F p 
TREATMENT 1 0.3 2.8 
SPECIES 1 0.4 4.0 
TxS 1 0.5 4.3 0.05 
ERROR 24 0.1 
RECOVERY 2 0.5 9.5 0.01 
TxR 2 0.1 2.6 
SxR 2 0.0 0.7 
TxSxR 2 0.0 0.9 
ERROR 48 0.0 
REIATIVE WATER 
CONTENT 
S)URCE DF MS F p 
TREATMENT 1 39.1 2.3 
SPECIES 1 2721.1 157.7 0.01 
TxS 1 0.7 0.0 
ERROR 24 17.3 
RECOVERY 2 165.2 37.4 0.01 
TxR 2 9.6 2.2 
SxR 2 11.3 2.6 
TxSxR 2 0.4 0.1 
ERROR 48 4.4 
1, 
II 
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Table 3. Fischer's protected LSD test for A. cana and A. 
intermedium of experiment 1 (P<0.05). Comparisons were 
made for individual water relations parameters at the end 
of recovery period 3 for treatments 1-3. 
WATER POTENTIAL 
SOURCE OF MS F p 
TREATMENT 2 2.6 3.6 0.05 
SPECIES 1 28.0 39.0 0.01 
TxS 2 2.1 2.9 
ERROR 30 0.7 
OSMOTIC POTENTIAL 
SOURCE DF MS F p 
TREATMEt\11' 2 0.8 2.8 
SPECIES 1 6.0 21.9 0.01 
TxS 2 0.5 1.9 
ERROR 30 0.3 
RELATIVE WATER 
CONTENT 
SOURCE OF MS F p 
TREATMENT 2 14.3 1.7 
SPECIES 1 642.5 76.7 0.01 
TxS 2 2.1 0.3 
ERROR 30 8.4 
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Table 4. Fischer's protected LSD test for A. cana and A. 
intermedium of experiment 2 (P<0.05). Comparisons were 
made for individual water relations parameters at the end 
of recovery period 3 for treatments 1-3. 
WATER POTENTIAL 
SOURCE OF MS F p 
TREATMENT 2 0.6 0.8 
SPECIES 1 36.2 42.8 0.01 
TxS 2 0.5 0.6 
ERROR 36 0.8 
OSMOTIC POTENTIAL 
SOURCE OF MS F p 
TREATMENT 2 0.1 0.5 
SPECIES 1 0.5 3.8 
TxS 2 0.0 0.1 
ERROR 36 0.1 
RELATIVE WATER 
CONTENT 
SOURCE OF MS F p 
TREATMENT 2 10.3 1.0 
SPECIES 1 1429.8 133.0 0.01 
TxS 2 3.3 0.3 
ERROR 36 l 0.7 
I 
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Table 5. Separation of the means from experiment 1 
derived from table 1. Values are means of water relations 
parameters at ends of recovery periods 1-3 for treatments 
1 & 3. Different letters within a column and within each 
source distinguish significantly different means 
(P<0.05). 
SOURCE WP OP RWC 
TREATMENT Rl 1.69 a 1.60 a 88.1 8 a 
TR3 2.48 b 2.00 b 85.69 a 
SPECIES A.i 1.22 a 1.52 a 92.32 a 
A.c 2.95 b 2.08 b 81.54 b 
TxS TRl *A.i 1.10 a 1.48 a 93.91 a 
TR3*A.i 1.34 a 1.56 a 90.75 a 
TRl *A.c 2.29 b 1.72 a 82.45 b 
TR3*A.c 3.62 C 2.44 b 80.63 b 
RECOVERY RPl 1.81 a 1.64 a 86.10 a 
RP2 2.35 a 1.92 a 86.34 a 
RP3 2.10 a 1.84 a 88.35 a 
TxR TRl *RPl 1.56 a 1.53 a 88.92 a 
TRl *RP2 1.76 a 1.64 a 86.41 a 
TRI *RP3 1.76 a 1.62 a 89.20 a 
TR3*RP1 2.06 b 1.75 b 83.29 b 
TR3*RP2 2.95 b 2.20 b 86.27 b 
TR3*RP3 2.43 b 2.04 b 87.50 b 
SxR A.i*RPl 1.29 a 1.60 a 91.81 a 
A.i*RP2 0.94 a 1.43 a 92.39 a 
A.i*RP3 1.41 a 1.52 a 92.77 a 
A.c*RPl 2.33 b 1.68 a 80.39 b 
A.c*RP2 3.76 C 2.41 b 80.30 b 
A.c*RP3 2.78 b 2.15 b 83.93 b 
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Table 6. Separation of the means from experiment 2 
derived from table 2. Values are means of water relations 
parameters at ends of recovery periods 1-3 for treatments 
1 & 3. Different letters within a column and within each 
source distinguish significantly different means 
(P<O. 05) . 
SOURCE WP OP RWC 
TREATMENT Rl 1.09 a 1.36 a 91.32 a 
TR3 1.50 b 1.48 a 89.96 a 
SPECIES A.1 0.71 a 1.35 a 96.33 a 
A.c 1.88 b 1.49 a 84.95 b 
TxS TRl *A.i 0.67 a 1.34 a 97.10 a 
TR3*A.i 0.75 a 1.37 a 95.56 a 
TRl *A.c 1.51 b 1.36 a 85.54 b 
TR3*A.c 2.25 b 1.63 b 84.36 b 
RECOVERY RPl 1.09 a 1.33 a 87.91 a 
RP2 1.23 a 1.37 a 91.44 b 
RP3 1.57 b 1.57 b 92.57 b 
TxR TRl *RPl 0.99 a 1.33 a 89.16 a 
TRl *RP2 0.92 a 1.23 a 91.52 a 
TR1*RP3 1.36 a 1.52 a 93.29 a 
TR3*RP1 1.19 b 1.33 b 86.66 b 
TR3*RP2 1.53 b 1.50 b 91.36 b 
TR3*RP3 1.79 b 1.62 b 91.85 b 
SxR A.i*RPl 0.64 a 1.28 a 93.91 a 
A.i*RP2 0.84 a 1.32 a 96.40 a 
A.i*RP3 0.66 a 1.46 a 98.68 a 
A.c*RPl 1.55 b 1.39 b 81.91 b 
A.c*RP2 1.61 b 1.41 b 86.48 b 
A.c*RP3 2.43 C 1.68 b 86.46 b 
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S1ecifically for Ex. 1, at the end of the first and third 
recovery periods, t/; were significantly higher compared to 
t i e second recovery period (Table 5; A.c*RP#). On the 
o:her hand, significant differences int/; for Ex. 2 were 
between the first and second recovery periods compared to 
t:1e third recovery period (Table 6; A. c*RP#) . There were 
s~gnificant treatment-by-species interactions for rr in 
both experiments . Mean separation showed that TR3 plants 
were significantly lower than TRl plants, yet differences 
were not greater than the differences found in ,f;. 
S?ecifically, rr were 30% and 17% higher in TRl than TR3 
pants for Ex. 1 and Ex . 2, respectively (Tables 5 & 6; 
T1#*A.c). Significant differences in rr for species by 
recovery period interactions were only found in Ex. 1. 
Mean separation showed that rr for Ex. 1 were lower after 
t he first recovery period (Table 5; A.c*RP#). In both 
e :cperiments there were no significant differences in RWC 
for either treatment by species or species by recovery 
period interactions. 
On certain instances responses to dry-down 
t~eatments and recovery periods were not obvious. In 
particular, standard error bars indicated that no 
d i stinguishable changes occurred int/; or rr of Ex. 1 TR3 
p l ants between the end of the second dry-down through the 
e~d of the third dry-down (Fig. la,b; days 23-36). This 
lack of change was not expected since the second 
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recovery period was initiated on day 23. More 
expectedly, f and rr should have increased at least by the 
end of the second recovery period on day 27. 
Appropriately during this same time RWC of TR3 plants 
significantly increased during the second recovery period 
and decreased during the third dry-down treatment (Fig. 
le). These insignificant responses to the second 
recovery period could explain the significant species by 
recovery period interactions for� and rr in Ex. 1 (Table 
1). Correspondingly, evaluation of the means revealed 
that� and rr of Ex. 1 plants were significantly lower for 
the second recovery period compared to either the first 
or third recovery periods. 
water relations parameters 
recovery period showed no 
Exclusive comparisons for 
at the end of the third 
significant treatment by 
species interactions for either experiment (Tables 3 & 
4). However, examination of the means indicated that� 
of TRl plants were 44% and 34% higher than TR2 and TRJ 
plants, respectively, for Ex. 1 (Table 7; TR#*A.c). Yet, 
rr of TRl plants were only 33% and 27% higher than TR2 and 
TR3 plants. Similarly,� of TRl plants were 19% and 28% 
higher than TR2 and TR3 plants, respectively, for Ex. 2 
(Table 8; TR#*A.c). Correspondingly, rr of TRl plants 
were 8% and 10% higher than TR2 and TR3 plants. 
Qualitative comparisons of� between Ex. 1 and Ex. 
2 plants suggested that� of Ex. 1 plants tended to be 
40 
Table 7. Separation of the means from experiment 1 
derived from table 3 . Values are means of water relations 
parameters at the end of recovery period 3 for treatments 
1-3. Different letters within a column and within each 
source distinguish significantly different means 
(P<0.05). 
SOURCE WP OP RWC 
TREATMENT TRl 1.76 a 1.63 a B9.20 a 
TR2 2.65 b 2.90 a B7.17 a 
TR3 2.43 a 2.04 a B7.50 a 
SPECIES A.i 1.40 a 1.51 a 92.18 a 
A.c 3.16 b 2.33 b B3.73 b 
TxS TRl *Ai 1.30 a 1.44 a 93.87 a 
TR2*A.i 1.36 a 1.49 a 91.00 a 
TR3*A.i 1.53 a 1.60 a 91.68 a 
TRl *A.c 2.22 b 1.81 b B4.54 b 
TR2*Ac 3.93 b 2.69 b B3.34 b 
TR3*Ac 3.34 b 2.49 b B3.32 b 
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Table 8. Separation of the means from experiment 2 
derived from table 4. Values are means of water relations 
parameters at the end of recovery period 3 for treatments 
1-3. Different letters within a column and within each
source distinguish significantly different means
(P<0.05).
SOURCE WP OP RWC 
TREATMENT TRl 1.36 a 1.52 a 93.29 a 
TR2 1.60 a 1.66 a 93.38 a 
TR3 1.79 a 1.62 a 91 .85 a 
SPECIF.S A.i 0.65 a 1.49 a 98.67 a 
Ac 2.51 b 1.71 a 87.00 b 
TxS TRl *A.i 0.64 a 1.44 a 99.40 a 
TR2*Ai 0.63 a 1.56 a 98.66 a 
TR3*Ai 0.69 a 1.4 7 a 97.96 a 
TRl *Ac 2.08 b 1.60 b 87.17 b 
TR2*Ac 2.57 b 1.75 b 88.10 b 
TR3*Ac 2.88 b 1.76 b 85.74 b 
I 
I 
I 
I 
I 
I 
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lower than Ex. 2 plants, during cycles 1-3 (Figs. la & 
2a). Specifically, f of TRl plants dropped as low as 
-2.67 MPa for Ex. 1, whereas f never dropped below -1.9
MPa for TRl plants in Ex. 2. Likewise at the end of dry­
down periods, f of TR3 plants in Ex. 1 reached as low as 
-5.53 MPa versus only -3.45 MPa TR3 plants in Ex. 2. At
the end of recovery periods, the highest� for TR3 plants 
in Ex. 1 was only -2.5 MPa compared to -1.7 MPa for TR3 
plants in Ex. 2. 
Since g, measurements were incomplete for both 
experiments during preconditioning periods, ANOVAs were 
not attempted. Figures 3 & 4 compare g, of 
preconditioned to unconditioned plants during 
preconditioning periods and cycle 4. Data points on the 
graphs were not connected because measurements were not 
obtained for the ends of either dry-down or recovery 
periods. In addition for Ex. 2, a second porometer was 
used after day 20 and may have resulted in inconsistent 
readings. Specifically, Fig. 4 shows that g, of TRl 
plants dropped from 467 mmol m-2 s-1 on day 8 to 160 rnmol 
m-2 s-1 on day 24 and remained low throughout the remainder 
of the experiment. Also, the highest g, for TR3 plants 
was 407 mmol m-2 s- 1 on day 2 and never increased above 97 
mmol m-2 s-1 for the duration of the experiment. 
Similarly, the highest g, for TR2 plants was 161 mmol m-2 
s-1 at the beginning of the third dry-down then remained 
below 87 mmol m-2 s-1•
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Pigure 3. Leaf stomata! conductance of A. cana, in 
experiment 1, during preconditioning treatments (days o-
42) and during exposure to lethal drought conditions, in 
pots, (days 43-54). Dry-down treatments (D) began on days 
2, 13, and 27 followed by brief recovery periods 
initiated on days 10, 23, and 36. Plant treatments are 
(0) TRl-Controls, (•) TR2-0ne Dry-Down, and {Li.} TR3-Three 
Dry-Downs. Vertical bars represent ±1 standard error of 
the mean. 
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Figure 4. Leaf stomatal conductance of A. cana, in 
experiment 2, during preconditioning treatments (days 0-
41) and after transplanted to disturbed land sites (days
42-74). Dry-down treatments (D) began on days 2, 15, and
29 followed by brief recovery periods initiated on days
9, 24, and 38. Plant treatments are (D) TRl-Controls, <•>
TR2-0ne Dry-Down, and(�) TR3-Three Dry-Downs. Vertical
bars represent ±1 standard error of the mean.
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During cycle 4 of both experiments, g1 values were nearly 
the same for all plants, based on the standard error of 
the means. In addition, g, in all plants in both 
experiments rapidly declined during cycle 4. 
Upon the lethal dry-down of cycle 4 of Ex. 1, plant 
water relations parameters quickly decreased for all 
treatments (Fig. la-c). According to the standard error 
of the means, there were no significant differences 
between treatments for any of the parameters throughout 
cycle 4. The termination date for Ex. 1 was dependent on 
the sensitivity range of the psychrometers (-8.49 MPa) 
This date was reached by day 51 for TR2 plants and 54 for 
TRJ and TRl plants. By day 54 there were no significant 
differences among any of the water relations parameters. 
Even though quantitative measurements were discontinued 
on day 54, tallying leaf death was continued. On day 57 
all leaves were completely necrotic. 
For both experiments, calculated values of p for A.
cana were mostly negative (data not included). Turgor 
potentials ranged from 0.12 to -0.88, -1.02 to -1.13, and 
-0. 07 to -2. 4 7 for TRl, TR2, and TR3, respectively.
Negative or positive p were not exclusive to any one 
treatment. 
The Hoffler diagram (Fig. 5) shows changes in rr and 
p relative to changes in RWC between conditioned and 
unconditioned A. cana from the beginning through 
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experiment 1. 
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the end of cycle 4 of Ex. 1. At the onset of cycle 4, rr 
and p of TR2 and TR3 plants were lower than TRl plants. 
As RWC decreased, rr of TR3 plants decreased less rapidly 
and to a lesser degree than TRl or TR2 plants. But, p of 
all plants decreased sequentially with decreased RWC. 
Furthermore, p of TRl plants remained higher than TR2 or 
TR3 plants. Since all p were negative at the onset of 
cycle 4, RWC at which zero turgor was reached could not 
be determined. The Hoffler diagram was not used for 
osmotic adjustment determination of A. cana in Ex. 2, 
since they did not experience a dry-down period during 
cycle 4. 
In Ex. 2, A. cana was transplanted without 
supplemental water and was supposed to dry-down slowly 
during cycle 4 without significant additions of water. 
Unexpectedly, Logan, Utah received above average 
precipitation during and following the transplant period 
(data not included). Consequently, transplant mortality 
was zero. Figure 2a-c suggests that�' rr, and RWC for 
all treatments were nearly the same throughout cycle 4. 
The termination date for Ex. 2 was four weeks after 
transplanting. 
cycles 1-4: Agropyron intermedium 
In both experiments, there were no significant 
differences found in any water relations parameters for 
treatment by species or species by recovery period 
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comparisons in A. intermedium (Tables 5-8) . Further 
evaluation of the means showed that differences inf, 
between unconditioned and conditioned plants, were 
typically greater than differences in rr. But these 
trends were marginal in all cases. 
Similar to A. cana, ANOVAs were not done on g1
measurements due to missing data points in both 
experiments. Furthennore for Ex. 2 , the second porometer 
was used starting on day 10 and throughout the remainder 
of the study. Consequently, data points were not 
connected in either Figs. 6 or 7. During cycle 4 of Ex. 
1, only one set of measurements were taken due to time 
limitations. For Ex. 2, g, of all transplants, during 
cycle 4, were not significantly different, according to 
standard error of the means. 
Throughout cycle 4 of both experiments, water 
relations parameters did not markedly differ between 
conditioned and unconditioned plants, according to 
standard error of the means (Figs. 8 & 9). In Ex. 1, all 
water relations parameters drastically decreased within 
two days after the onset of cycle 4. Water relations 
parameters were no longer measured after f of all plants 
exceeded the sensi ti vi ty range of the psychrorneters. 
Measurements reached this limit on day 32 for TRl and TR2 
plants, whereas the exact day was never confirmed for TRJ 
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Figure 6. Leaf stomatal conductance of A. intermed i um, in 
experiment 1, during preconditioning treatments (days o-
26) and during exposure to lethal drought conditions in 
pots (days 27-32). Dry-down treatments (D) began on days 
2, 10, and 19 followed by brief recovery periods 
initiated on days 6, 13, and 21. Plant treatments are (D) 
TRl-Controls, (•) TR2-One Dry-Down, and ( t.) TR3-Three 
Dry-Downs. Vertical bars represent ±1 standard error of 
the mean. 
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plants. Monitoring leaf death was continued for five 
more days, at which time all leaves were completely 
necrotic. For Ex. 2, if; and rr tended to be the same 
between conditioned and unconditioned plants (Fig. 9a,b). 
In addition, t/; and rr appeared to fluctuate minimally 
throughout cycle 4. Conversely, RWC tended to be 
different between treatments on particular days and 
decreased from days 27-41 (Fig. 9c). Water relations 
measurements were continued for four weeks after 
transplanting. On the last sampling day (day 58), if; and 
rr were not different and RWC of all A. intermedium were 
nearly the same. In addition, by day 58 transplant 
mortality was zero. 
The Hoffler diagram shows that rr and p of all A.
intermedium were the same at the beginning of cycle 4 for 
Ex. 1 (Fig. 10). As RWC declined, p remained the same 
for all plants and turgor loss points (p=O) were reached 
at similar RWC. Correspondingly, rr of all plants tended 
to be the same until RWC reached approximately 75%, then 
TR2 and TRJ plants tended to be higher than TRl plants 
through the end of the experiment. 
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Figure 10. Leaf osmotic and turgor potentials as 
functions of relative water content for A. intermedium
during cycle 4 of experiment 2. 
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DISCUSSION 
Cycles 1-4: Artemisia cana
Significant treatment-by-species interactions inf 
and ff were probably the consequence of cellular 
dehydration in A. cana leaves exposed to rapid dry-down 
treatments (Tables 1 & 2). Since decreases inf tended 
to be greater than decreases in ff between TRl and TR3 
plants, p could not have been increased or maintained 
compared to TRl plants (Tables 5 & 6). Therefore, it is 
unlikely that A. cana maintained turgor through osmotic 
adjustment since p were not increased proportionally with 
decreases in ff. In addition, if repeated dry-downs had 
induced osmotic adjustment, then significant differences 
should have been observed at the end of the third 
recovery period. Even if osmotic adjustment was induced 
but lost upon rewatering, then osmotic adjustment in A. 
cana was so transient it would not be of commericial 
benefit. It is also unlikely that A. cana maintained 
turgor through passive solute accumulation since f and ff
did not decrease proportionally. 
It has been observed that field grown A. tridentata
does maintain turgor through passive solute accumulation 
and elastic cell walls (Evans et al., In Press). Evans 
stated that turgor maintenance via passive accumulation 
57 
requires proportional decreases in � and rr as RWC 
declines. Furthermore, it is cell wall elasticity that 
"determines the rate that turgor pressures decrease with 
decreasing cell water volume." It seems probable that if 
A. cana had been exposed to slower dry-down treatments,
turgor maintenance may have occurred through passive 
solute accumulation and not osmotic adjustment. This 
speculation is based on the results of the Evans study of 
A. tridentata and on the exhaustive water relations
studies on woody plants done by Hinckley et al. (1980). 
These studies concluded that woody species "are able to 
tolerate low water volumes because they possess elastic 
cell walls ... and these characteristics are generally 
associated with a limited ability for osmotic adjustment" 
(Evans et al., In Press). Since A. cana was exposed to 
rapid dry-down treatments, cell walls probably could not 
regulate decreases in p. Consequently, A. cana was 
unable to maintain turgor through passive solute 
accumulation as RWC decreased. 
Significant species-by-recovery-period interactions 
in� and rr were probably not due to treatment effects 
that would be suggestive of osmotic adjustment (Tables 1 
& 2) • Rather, for Ex. 1, differences in� and rr were 
probably due to experimental error since TR3 plants 
appeared to respond insignificantly to particular dry­
down and recovery periods (Fig. la,b; days 23-36). 
Likewise for Ex. 2, the significant species-by-recovery-
• .. 
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period interaction inf also does not suggest osmotic 
adjustment. Instead, the difference appeared to be the 
result of decreased fin both TRl and TR3 (Fig. 2a,b). 
Irrespective of how the interactions in species by 
recovery periods developed, if osmotic adjustment had 
occurred, then decreases in rr should have corresponded to 
negligible changes inf at the end of recovery periods. 
Comparisons between TRl and TR2 plants showed no 
significant differences by the end of the third recovery 
period (Tables 3 & 4; TxS). However, examination of the 
means showed that f and rr also tended to be higher in TRl 
than TR2 plants in both experiments (Tables 7 & 8) . 
Similar to TR3 plants, decreases inf between TRl and TR2 
plants were greater than decreases in rr. These trends 
further support that A. cana did not maintain turgor 
through accumulation of solutes. Again, this was 
probably attributable to the rate that the plants were 
dried down during preconditioning. 
Qualitative comparisons of  between plants in Ex. 
1 and Ex. 2 suggest that f were generally more negative 
in Ex. 1 plants than Ex. 2 plants (Figs. la & 2a}. This 
anomaly may be a consequence of the crystalline particle 
accumulation ubiquitous to all A. cana leaf surfaces in 
both experiments, although it was observed that Ex. 1 
plants had greater amounts of crystalline particles than 
Ex. 2 plants. If these deposits were hydrophilic, then 
it would be expected that the f would be lower than true 
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leaf'+'· Barrs (1968, p. 309) cautioned that "extraneous 
sinks for water vapor in the chamber, such as, salt 
contaminating either the tissue or the chamber ... could 
cause spurious negative values." He suggested that 
workers wash leaves 24 h prior to measurement. If the 
crystals had been washed off to remove possible water 
sinks,'+' of the Ex. 1 and Ex. 2 plants may have been more 
uniform. 
Stomata! conductance measurements taken for both 
experiments 
Therefore, 
were 
it 
either 
can not 
deficient or unreliable. 
be determined whether 
preconditioning A. cana, under greenhouse conditions, can 
increase or maintain g1 , once exposed to imminent water 
stress. 
During cycle 4 of Ex. 1 all water relations 
parameters tended to be the same between all treatments 
(Fig. la-c). This suggests that preconditioning A. cana
did not induce any residual treatment effects. If A.
cana had actively accumulated solutes, then at any single 
RWC prior to zero turgor, n should have been lower in 
preconditioned plants compared to unconditioned plants, 
yet'+' would have been the same. Preconditioning A. cana
also did not contribute to extended leaf survival during 
the final dry-down. If preconditioning had induced 
acclimation responses, they probably would not have been 
conserved due to the rates of decreases in'+' and RWC 
during cycle 4. It is more likely that the rate of dry-
--· 
.. 
.. 
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down during cycle 4 only caused concentration of solutes. 
Consequently, there was loss of turgor and eventually 
leaf mortality comparable in all plants. 
In both experiments, calculated p for all A. cana 
were mostly negative. There are several theories to 
suggest that negative p are merely experimental 
aberrations and do not reflect true cellular p. For 
example, Barrs (1965, p. 338) warned that errors in p are
easily derived when pis determined from the difference 
between t/; and 1T. He added that errors in p may be 
greater than individual errors in either I/; or rr "since 
such estimates will include both." Specific to these 
experiments, errors in calculated p could be expected if 
water vapor adsorbed to leaf crystalline residues on A.
cana. 
Another source of error that may have caused 
negative p is apoplastic water. Extracellular water 
results in grossly underestimated rr, resulting in more 
negative t/; than 1T (Brown & Van Haveren, 1971; Kramer, 
1983). For example, Markhart, Sionit, and Siedow (1981, 
p. 1724) predicted that "errors between 10 and 40% could
result in 1T measurements of plants with exceptionally 
thick cell walls such as desert sclerophylls, where the 
cell wall volume can represent over 50% of the total cell 
volume." In addition, Tyree (1976, p. 2741) stated that 
"if rr ... is underestimated or if r (matric potential) is 
overestimated, then negative values of (p) will be 
• 
• 
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falsely deduced." It is probable that negative p values 
of these experiments resulted from a combination of 
increased rr from apoplastic water and erroneously low f 
due to water vapor adsorption to crystalline leaf 
deposits. 
The Hoffler diagram (Fig. 5) was used to show 
changes in rr and p relative to RWC, for Ex. 
cycle 4, that would support whether 
1 during 
or not 
preconditioning induced osmotic adjustment in A. cana. 
The Hoffler diagram suggests that preconditioning A. cana
to water stress under greenhouse conditions did not 
induce osmotic adjustment. If osmotic adjustment had 
occurred, then TRJ and/or TR2 plants should have 
maintained higher p as RWC decreased and reached the 
turgor loss point at lower RWC than TRl. Additionally, 
rr of TR3 and/or TR2 plants should have been lower at full 
turgor through the turgor loss point. According to Fig. 
5, p for TRJ and TR2 plants were not higher than TRl 
plants as RWC decreased. Since all p were below zero, 
even at full turgor, it is difficult to determine if 
turgor loss points were reached at lower RWC for 
conditioned plants compared to unconditioned plants. 
Although Fig. 5 shows TR3 and TR2 plants having lower rr 
at full turgor than TRl plants, this is not conserved 
throughout the remainder of cycle 4. More importantly, 
even though TR3 and TR2 plants had lower rr at full turgor 
than TRl plants, this did not correspond with higher p. 
• 
.. 
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Therefore, according to the Hoffler diagram and its set 
of criteria to verify osmotic adjustment, active solute 
accumulation did not occur. 
During cycle 4 of Ex. 2, Fig. 2a-c shows that water 
relations parameters of preconditioned plants also tended 
not to differ from unconditioned plants. Unlike Ex. 1 in 
which all plants were exposed to a rapid dry-down during 
cycle 4, Ex. 2 transplants were never dried down. Hence, 
the point about conservation of acclimation responses is 
not confounded with rates of decreases in VI and RWC 
during cycle 4. But, one explanation for the lack of 
differences between treatments is that conditioned plants 
lost acclimation responses upon the third recovery 
period. Therefore, if active or passive solute 
accumulation had occurred, it would have been undetected 
throughout the remainder of the experiment. Typically, 
solute accumulation is rapidly lost in plants that 
osmotically adjust or is diluted in plants that passively 
accumulate solutes. Wilson et al. (1980) reported that 
osmotic adjustment was lost within ten days after buffel 
grass had been relieved of water stress. Evans et al. 
(In Press) showed that passively accumulated solutes in 
A. tridentata were diluted with a single application of
water. Specifically, VI and rr were increased by 3 MPa 
within three days after relief of water stress. Another 
explanation for this lack of difference between 
unconditioned and conditioned plants is that acclimation 
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responses may have never developed. Because of the rapid 
dry-down treatments during preconditioning, there 
probably was not sufficient time for metabolic or other 
changes to occur. Therefore, rather than osmotic 
adjustment being lost or accumulated solutes being 
diluted upon the third recovery period, it seems more 
likely that acclimation responses had never developed. 
Since preconditioning did not maintain p through 
solute accumulation or prolong leaf survival, it does not 
seem cost effective for nursery growers to precondition 
A. cana to water stress prior to transplanting. However,
if nursery growers could expose plants to slower dry­
down periods than were applied in these experiments, then 
active or passive solute accumulation, g1 adjustment, 
and/or prolonged leaf survival may occur in A. cana. In 
order to decrease water stress development, growers would 
have to increase soil to root volume ratios or decrease 
transpirational water loss. If acclimation responses 
were induced and conserved, then it may be cost effective 
to expose A. cana to repeated dry-down periods prior to 
transplanting. 
Cycles 1-4: Agropyron intermedium 
Throughout cycles 1-3 of both experiments, there 
were no significant treatment-by-species interactions for 
any of the water relations parameters (Tables 5-8) . 
These results suggest that water stress preconditioning 
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did not maintain turgor through solute accumulation. As 
mentioned earlier, if turgor had been maintained through 
active solute accumulation, then at the end of recovery 
periods, rr of TR2 and TR3 plants should have decreased 
proportionately with increases in p compared to TRl 
plants, yet RWC should have been nearly the same as TRl 
plants. similarly, if passive accumulation had occurred, 
then ,/; and rr should have decreased proportionately as RWC 
declined. If A. intermedium is genetically capable of 
solute accumulation, it may not have occurred in these 
experiments because of the rapid rate of water stress 
development during preconditioning. 
Due to irregular g1 measurements and the use of two 
different porometers, stomata! responses to water stress 
were difficult to ascertain for both experiments. 
Therefore, it 
preconditioning 
is 
A. 
difficult 
intermedium
to determine if 
under greenhouse 
conditions would induce stomata! acclimation responses. 
During cycle 4 of Ex. 1 all water relations 
parameters sharply decreased and were not significantly 
different between treatments (Fig. 8) . This suggests 
that preconditioning did not induce solute accumulation. 
Additionally, the Hoffler diagram (Fig. 10) was used to 
further support whether or not A. intermedium had 
osmotically adjusted. Figure 10 shows that 
preconditioned A. intermedium did not have higher p than 
unconditioned plants as RWC declined, did not reach the 
65 
turgor loss point at lower RWC, or have lower rr from full 
turgor through the turgor loss point. These results 
support the conclusion that osmotic adjustment did not 
develop as a result of water stress preconditioning. 
Once again, it is probable that A. intermedium did not 
acclimate to water stress due to the rates of dry-down 
treatments during preconditioning. 
Although A. intermedium was transplanted during an 
above normal spring for precipitation in Ex. 2, all 
plants may have experienced some degree of water stress 
from day 27-41 (Fig. 9). Specifically, � and rr changed 
minimally while RWC sharply decreased. This simultaneous 
decrease in RWC with insignificant changes inf and rr 
suggests that localized leaf tissue necrosis may have 
occurred. As a result, the maximum amount of water that 
the leaves could absorb was decreased. Hence, RWC were 
decreased while leaf f and rr were basically unaffected. 
It may be possible that localized leaf cell necrosis, in 
A. intermedium, was an acclimation response to delay
whole plant water stress. 
As with A. cana, it does not seem cost effective for 
nursery growers to precondition A. intermedium to water 
stress prior to transplanting. Irrespective of whether 
or not acclimation responses were induced during 
preconditioning, indications of these responses were not 
evident during cycle 4 in either experiment. Since 
acclimation responses were not measurable immediately 
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fol lowing preconditioning, either the plants did not 
acclimate or the responses were transient. Notably, if 
responses were not measurable due to transience, then 
application of such preconditioning is futile for A.
intermedium prior to transplanting. 
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CONCLUSION 
Artemisia cana and Agropyron intermedium, in both 
experiments, showed definitive responses to 
preconditioning treatments. At the onset of dry-down 
treatments, 
until the 
all water relations parameters decreased 
periods. initiation of the recovery 
Conversely, these parameters generally increased 
significantly by the end of each recovery period. 
The results of these experiments suggest that water 
stress preconditioning treatments did not induce solute 
accumulation in either A. cana or A. intermedium. While 
measured values of� components were highly questionable 
in A. cana, the Hoffler diagram indicated osmotic 
adjustment was not induced. For A. intermedium, the 
Hoffler diagram also suggested that osmotic adjustment 
did not occur. 
Irrespective of whether solute accumulation did or 
did not occur, water stress preconditioning in either 
species did not have marked effects on plant water 
relations or leaf survival. All water relations 
parameters were not significantly different (within a 
species) between conditioned and nonconditioned plants 
throughout cycle 4 of either experiment. Furthermore, 
leaf survival of conditioned plants, in Ex. 1, was not 
increased over noncondi tioned plants when exposed to 
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lethal drought conditions. 
Preconditioning treatments did not show profound 
beneficial effects on either A. cana or A. intermedium, 
under the conditions of this experiment. Therefore, it 
may not be profitable for nursery growers to administer 
dry-down treatments prior to transplanting of these two 
species under the specific conditions studied. Instead, 
nursery growers should suggest that dormant seedlings of 
A. cana be transplanted during the fall season as 
recommended by Brown and Johnston {1979). Additionally, 
nursery growers should suggest that actively growing 
seedlings of A. intermedium be transplanted in the spring 
as soon as the soil is workable. 
69 
LITERATURE CITED 
Auge, R.M., Stodola, A.J.W. & Pennell, B.D. (1990) 
Osmotic and turgor adjustment in Rosa foliage drought­
stressed under varying irradiance. Journal of American 
Society for Horticultural Science, 115, 661-667. 
Barrs, H.D. (1965) Determination of water deficits in 
plant tissues. In Water Deficits and Plant Growth, Vol. 
I (ed T.T. Kozlowski), pp. 236-347. Academic Press, New 
York. 
Bates, L.M. & Hall, A.E. (1981) Stomatal closure with 
soil water depletion not associated with changes in bulk 
leaf water status. Oecologia, so, 62-65. 
Bradford, K.J. & Hsiao, T.C. (1982) Physiological 
responses to moderate water stress. In Encyclopedia of 
Plant Physiology, New Series, Vol. 12B (eds O.L. Lange, 
P.S. Nobel, C.B. Osmond & H. Zeigler), pp. 264-312. 
Springer, Berlin. 
Bradshaw, A.D. (1987) The reclamation of derelict land 
and the ecology of ecosystems. In Restoration Ecology: A 
synthetic Approach to Ecological Research (eds W.R. 
Jordan, M.E. Gilpin & J.D. Aber), pp. 53-71. University 
Press, Cambridge. 
Brown, R.W. (1992) The water relations of range plants: 
Adaptations to water stress. In Rangeland Plant 
Physiology and Morphology (eds D. Bedunah & R.E. 
Sosebee), In Press. Society for Range Management, USDA 
Forest Service Logan, Utah. 
Brown, R.W. & Johnston, R.S. (1979) Revegetation of 
disturbed alpine rangelands. Reprinted from Special 
Management Needs of Alpine Ecosystems, pp. 76-94. USDA 
Forest Service Logan, Utah. 
Brown, R.W. & Van Haveren, B.P. (1972) Psychrometry in 
Water Relations Research. Utah Agricultural Experiment 
Station, Utah State University. 
Chambers, J.C., Brown, R.W. & Johnston, R.S. (1987) A 
comparison of soil and vegetation properties of seeded 
and naturally revegetated pyritic alpine mine spoil and 
reference sites. Landscape and Urban Planning, 14, 507-
519.
70 
Chaves, M.M. (1991) Effects of water deficits on carbon 
assimilation. Journal of Experimental Botany, 42, 1-16. 
Evans, R.D., Black, R.A., Loescher, W.H. & Fellows, R.J. 
(1992) Osmotic relations of the drought-tolerant shrub 
Artemisia tridentata in response to water stress. Plant . , 
Cell, and Environment, In Press. 
Fitter, A.H. & Hay, R.K.M. (1987) Environmental 
Physiology of Plants. Academic Press, New York. 
Forseth, I. & Ehleringer, J.R. (1980) Solar tracking 
response to drought in a desert annual. Oecologia, 44, 
159-163.
Hinckley, T. M. , Duhme, F. , Hinckley, A. R. & Richter 
(1980) Water relations of drought hardy shrubs: osmotic 
potential and stomatal reactivity. Plant, Cell, and 
Environment, 3, 131-140. 
Kozlowski, T.T., Kramer, P.J. & Pallardy, S.G. (1991) The 
Physiological Ecology of Woody Plants. Academic Press, 
New York. 
Kramer, P.J. (1983) Water Relations of Plants. Academic 
Press, New York. 
Kramer, P. J. ( 1988) Changing concepts regarding plant 
water relations. Plant, Cell, and Environment, 11, 565-
568. 
MacMahon, J.A. & Schimpf, D.J. (1981) Water as a factor 
in the biology of North American desert plants. In Water 
in Desert Ecosystems (eds D.D. Evans & J.L. Thames), pp. 
114-171. Dowden, Hutchinson, and Ross, Pennsylvania.
Markart, A.H., Sionit, N. & Siedow, J.N. (1981) 
water dilution: an explanation of apparent 
turgor potentials. Canadian Journal of Botany, 
1725. 
Cell wall 
negative 
59, 1722-
Meinzer, F.C., Sharifi, M.R., Nilsen, E.T. & Rundel, P.W. 
(1988) Effects of manipulation of water and nitrogen 
regime on the water relations of the desert shrub Larrea 
tridentata. Oecologia, 77, 480-486. 
Munns, R. (1988) Why measure osmotic adjustment? 
Australian Journal of Plant Physiology, 15, 717-726. 
Santakumari, M. & Berkowitz, G.A. (1990) 
between the maintenance of photosynthesis 
protoplast volume at low water potentials 
wheat. Plant Physiology, 92, 733-739. 
Correlation 
and in situ 
in droughted 
71 
Schultz, H.R. & Matthews, M.A. (1988) Resistance to water 
transport in shoots of Vitis vinifera L. Plant 
Physiology, 88, 718-724. 
Sharp, R.E., Hsiao, T.C. & Silk, W.K. (1990) Growth of 
the maize primary root at low water potentials. Plant 
Physiology, 93, 1337-1346. 
Seiler, J.R. (1985) Morphological and physiological 
changes in black alder induced by water stress. Plant . , 
Cell and Environment, a, 219-222. 
Seiler, J. R. & Johnson, J. D. ( 1988) Physiological and 
morphological responses of three half-sib families of 
loblolly pine to water-stress conditioning. Forest 
Science, 34, 487-495. 
Tanguilig, v.c. , Yambao, E.B., O'Toole, J.C. & De Datta, 
S.K. (1987) Water stress effects on leaf elongation, leaf 
water potential, transpiration, and nutrient uptake of 
rice, maize, and soybean. Plant and Soil, 103, 155-168. 
Tschaplinski, T.J. & Blake, T.J. (1989) Water-stress 
tolerance and late-season organic solute accumulation in 
hybrid poplar. Canadian Journal of Botany, 67, 1681-1687. 
Turner, N.C. (1986) Adaptation to 
changing perspective. Australian 
Physiology, 13, 175-190. 
water deficits: A 
Journal of Plant 
Turner, N.C. & Jones, M.M. (1980) 
osmotic adjustment: A review 
Adaptations of Plants to Water 
Stress (eds N. c. Turner & P.J. 
Wiley, New York. 
Turgor maintenance by 
and evaluation. In 
and High Temperature 
Kramer), pp. 87-103. 
Turner, N.C. & Kramer, P.J. (1980) Adaptations of Plants 
to Water and High Temperature Stress. Wiley, New York. 
Tyree, M.T. (1976) Negative turgor pressure in plant 
cells: fact or fallacy? Canadian Journal of Botany, 54, 
2738-2746. 
Wallace, A. (1989) Mineral composition for nineteen 
elements in young corn (Zea may) plants grown in an acid 
soil with various treatments to overcome infertility of 
acid soils. Soil Science, 147, 451-453. 
Wilson, J.R., Ludlow, M.M., Fisher, M.J. & Schulze, E.-D. 
( 1980) Adaptation to water stress of the leaf water 
relations of four tropical forage species. Australian 
Journal of Plant Physiology, 7, 207-220. 
